Core overtopping in embankment dams is an important phenomenon that may lead to contact erosion 21 along the core/filter interface. This paper presents new experimental results regarding erosion 22 mechanisms at the core/filter interface during core overtopping. The experimental results were obtained 23 using a reduced-scale model with a variable upstream water level. Digital image correlation (DIC), 24 microcomputed tomography (µCT) and sediment collection at the outlet were used to quantify erosion. 25
Four experimental runs were conducted with a till core and different filters. Only one of the four filters 26 satisfied the filter criteria that were applied. No contact erosion occurred during this test. For filters that 27 did not respect the filter criteria, piping occurred within the core along the downstream slope when the 28 water level reached the top of the core. As a result of the self-healing process within the core material, the 29 erosion rate decayed with time as the hydraulic gradient increased. Results for DIC mainly reflected 30 settlements within the filter due to erosion and a soil arching effect. The magnitude of the displacement 31 vector obtained with DIC is directly proportional to the volume of till eroded. µCT showed that contact 32 erosion occurred continuously. D 10 Effective diameter 59 D 15 Diameter of filter particles corresponding to 15% passing by mass 60 d 85 Diameter of core particles corresponding to 85% passing by mass 61 The core/filter interface of an embankment dam can be vulnerable to erosion if the upstream 75 water level rises over the top of the core (Figure 1 ). In the long term, instabilities can be generated and 76 filter effectiveness within the dam reduced. This phenomenon, called core overtopping, may be a 77 consequence of heavy precipitation, climate change or inadequate spillway capacity. Due to recent 78 improvements in the analysis of extreme flood events, and better precipitation and watershed information, 79 it has been inferred that several thousand dams in the United States alone do not have sufficient spillway 80 capacity to accommodate the appropriate design floods (FEMA 2014) . 81
Dam failure can have severe economic, social and environmental consequences. Since internal 82 erosion is recognized as an important cause of dam failure (Foster et al. 2000) , the ability to predict and 83 understand erosion processes for different parts of a dam is fundamental. In the complex setting of an 84 embankment dam crest, previous studies suggest that erosion is mostly associated with: 1) large hydraulic 85 gradients and flow velocities, especially at the downstream edge of the core/filter interface (Wörman and 86 Skoglund 1992) and in the unsaturated portion of the core and filter (Zhang and Chen 2006) ; 2) within 87 zones of low effective stress due to soil arching (Fell et al. 2015) . Internal erosion is also associated with 88 materials that are internally unstable (broadly or gap-graded grain size distributions) or combinations of 89 materials that fail to satisfy the filter criteria (e.g., Sherard et al. 1984; Indraratna et al. 2011) . Currently, 90 the design of filters and the prediction of their long-term behaviour are mainly assessed by empirical 91 relationships based on grain size distributions and judgment (Fell et al. 2015) . These criteria have evolved 92 through time. As a result, older structures do not necessarily reflect current practices for filter design and 93 could be susceptible to erosion. proportions are based on typical crest dimensions for the core of earthfill dams in eastern Canada 150 (SEBJ 1987). Different filter materials were placed around the core for each test. As the objective of this 151 project was to make a preliminary survey of erosion mechanisms during core overtopping, effective stress 152 conditions of actual dams were not reproduced: effective stresses were lower in the experimental model 153 than in actual dams. Moreover, overall hydraulic gradients in the filters were higher than those observed 154 in actual dam configurations where the width of the top of the core is larger (SEBJ 1987) . 155
A plastic sheet with 14-mm holes and a nylon mesh with 1-mm openings allowed water to flow 156 into the soil from the upstream reservoir ( Figure 2a) . The latter included a series of overflow drains to 157 allow the upstream hydraulic head to be changed during core overtopping. A 5-mm-wide downstream 158 outlet slot permitted both water and eroded particles to be collected in a sedimentation column. The 159 overflow drains of the upstream reservoir and the sedimentation column flowed into a water tank located 160 underneath the basin (Figure 2b ). The water tank also collected fine particles not intercepted by the 161 sedimentation column. Seepage was driven by gravity. The system was open as water at the outlet was 162 not reused. 163
Tap water was used for this study. Water temperature was recorded during each test but was not 164 controlled. Water temperatures for Tests 3, 4 and 4a were respectively 22, 23 and 15°C. Because Tests 1 165 and 2 were conducted during winter, the water temperatures were significantly lower (respectively 3 and 166 6 °C). Because of the large volume of water involved with each test, the water was not deaired before 167 entering the test set-up. Since unsaturated flow is acknowledged in real dams (Saint-Arnaud 1995), it does 168 not appear unrealistic to use regular tap water in the test set-up. 169
Two high-resolution colour cameras with softbox lighting were mounted in front of the basin 170 (Figure 2c) this study (see Table 1 ). Based on these criteria, the minimal value of D 15 for the filter, the diameter of 185 filter particles corresponding to 15% passing by mass, is determined by both the d 85 , the diameter of core 186 particles corresponding to 85% passing by mass, and the fines content, A, of the core material. In 187 accordance with Table 1 , filters must have a D 15 ≤ 0.7 mm to fulfill the filter criteria applicable to 188 embankment dams with broadly graded cores. As shown in Table 2 suffossion for a fines content higher than 12 %, which is the case for the till core used in this study 206 (Table 3) . 207 Table 4 presents the compaction state of the materials for each test. In accordance with practice 208 (e.g. SEBJ 1987), the water content for the till during compaction was fixed slightly above the optimum 209 water content of the standard Proctor compaction test (i.e. w opt + 0.5). The till was compacted in two 210 12.5-cm thick layers. The core was compacted using a pneumatic hammer with a 5.1-cm square metal 211 plate. A relative compaction, RC, of 97 % with respect to the maximal dry density from the standard 212
Proctor compaction test was targeted. Filter materials that did not fulfill the filter criteria (Filters G1, G2 213 and G3) were dumped to limit the impact of filter compaction on erosion. A relative density index, I d , of 214 70 % was aimed for material 2C. All materials were carefully placed to prevent segregation. 215
During each test, the water level was initially set 5 cm below the top of the core for a saturation 216 Microcomputed tomography is a non-destructive technique that uses the attenuation of X-rays to 258 build a 3D reconstruction of a specimen. During a scan, a source sends X-rays that travel in straight lines 259 through the specimen. Some of the X-rays are absorbed by the specimen, reducing their intensity. During 260 the scan, the specimen is rotated about a vertical axis. For each position, X-ray attenuation forms a 261 shadow image on a flat panel detector that converts the X-ray energy into light. After a full rotation of the 262 specimen, its volume is divided into a large number of 3D cells (voxels). Using the shadow images, a 263 linear X-ray attenuation value is estimated for each cell to create the 3D reconstitution of the object. 264
Typically, voxels that display a strong X-ray attenuation (i.e. solid grains) are represented as brighter 265 region, while darker regions represent materials with low attenuation (i.e. water and air in the voids).
For the purpose of this study, a XT H 225 µCT scan from Nikon was used. For the scans 267 presented in this paper, beam energy and current were respectively set to 221 kV and 184 µA. The 268 exposure time was set to 500 ms for each shadow image. The specimen location inside the µCT scan 269 allowed a minimum voxel size of 80 µm. As a result, it was not possible to distinguish individual fine 270 particles in the till. A beam hardening correction was applied to the images to reduce streak artefacts from 271 dense structures in the specimen. Beam hardening was also reduced using a copper filter placed between 272 the X-ray source and the specimen. Preliminary segmentation and volume rendering were realized with 273
Visual Graphics Studio MAX 2.2. Details on the parameters used for DIC and µCT analyses are presented 274 in Dumberry (2017). 275
276

Results
277
General observations
278
Cameras allowed qualitative observation of erosion to be made for each test. Figure 4 shows 279 photographs representing the state of the core/filter interface at 1) the initial stage of the test (before 280 saturation), 2) when the water level is at the top of the core, and 3) at the end of the test. Results from 281
Tests 1 and 2 showed significant erosion. For these core/filter combinations, erosion was first initiated 282 locally along the downstream slope of the core, and then gradually progressed toward the horizontal 283 interface as the upstream water level and hydraulic gradient increased, thus inducing a piping 284 phenomenon (Fell and Fry 2007). As erosion progressed, the core material located above the pipe was 285 continuously being eroded. Vertical settlements and reorganization of grains inside the filter material 286 were also observed during the progression of the erosion. Tests 1 and 2 had to be stopped after reaching, 287 respectively, the third and fourth upstream water levels because the flow rate at the inlet did not match the 288 high permeability of the filter materials. Maximum flow rates of 45 and 41 L/min were measured for 289
Tests 1 and 2, respectively, which correspond to water levels 3 and 4. At the end of these tests, particle re- was at the same elevation as the core/filter horizontal interface. For Tests 1 to 3, the greatest amount of 316 eroded mass was collected during level 3. For Test 3a, the erosion rate gradually decreased as the number 317 of cycles increased. These results suggest that, in some conditions, even a filter that does not meet filter 318 criteria can control core particle erosion. 319 Figure 6 shows the particle-size distribution of the sediments eroded and collected at the outlet for 320 each water level. The particle-size analyses demonstrate that the eroded particles tended to become 321 coarser as the water level increased, especially for Tests 1 and 2. Eroded particles collected from levels 4 322 to 8 for Test 3 were similar in terms of particle-size distributions. Particle-size gradation curves of 323 Table 5 . Results are presented for the complete tests and individual water level stages. 360
Digital Image Correlation
The mass of fine sediments collected for each test in the water tank at the outlet of the sedimentation 361 column was uniformly distributed among each water level. This assumption is a simplification as theD r a f t particle size distribution of the eroded sediments and the fraction of sediments that bypassed the 363 sedimentation column varied with time. The mean displacement vector is subvertical for all tests, 364 except for Test 4 that showed relatively small displacements. This is consistent with the displacement 365 vectors presented in Figure 7 . It should be noted that some of the eroded mass for Test 3 could come 366 from the filter as 29 % of the G3 grain size distribution was finer than the slot width (5 mm). 367
However, since there was no erosion for material 2C, it appears unlikely that material G3 was eroded 368 through the slot. downstream interface of the core is uneven and rougher than the initially undisturbed interface. This could 374 be caused either by the hydraulic forces that eroded the core particles during the experiments, the effect of 375 the compaction effort on the core surfaces regularity or the remoulding effects during sampling. For 376 Test 4, a similar pattern was observed regarding local instabilities along the interfaces of the core/filter 377 materials, with the exception that the irregularity seems to be less prominent. This is expected since no 378 eroded particles were collected at the outlet of the test setup. Accordingly, the downstream plan view of 379 the tested sample shows a relatively intact post-experiment core interface. 380
381
Discussion
382
Based on the results presented in Table 5 , some particles from the core were collected at the test 383 setup outlet for Tests 1 to 3. This implies that the three filters that did not meet the filter criteria did not 384 contain pore constrictions that were small enough to retain the fine particles of the core material. cases, piping developed while the core material was completely saturated and overtopped. A review of the 401 photographs for Tests 1 and 2 shows the pipe to be parallel to the streamline delimiting the 402 saturated/unsaturated conditions within the core. For Tests 1 and 2, it appears that contact erosion at the 403 horizontal interface between till and filter was less significant than the erosion due to piping. Based on 404 these results, it can be inferred that erosion of the downstream slope would be more critical than erosion 405 along the core/filter horizontal interface for actual dams. Also, hydraulic gradients before core 406 overtopping would be much higher for a real dam. As a result, piping along the downstream slope of the 407 core would probably be initiated before the water level reached the top of the core. This implies that 408 combinations of filter and core materials that are stable when the water level is below the core summit 409
would not be negatively impacted by core overtopping. The pipe was parallel to the flow line. Erosion during these tests was mainly due to the progression of the 490 pipe within the core material rather than contact erosion along the horizontal interface. For the first three 491 tests, erosion mainly occurred when the water level reached the core/filter interface and the subsequent 492 level. The erosion rate decayed in time as the hydraulic gradient increased. The self-healing process that 493 was observed at the interface between core and filter explains this decrease in erosion rate. For each water 494 level increment, erosion mainly took place during the first hour of the imposed hydraulic condition. 495
The DIC technique clearly showed that the displacement vector magnitude is directly proportional 496 to the volume of till eroded. DIC results provided detailed information on the vertical settlements and 497 grains reorganization within the filter material, as the core was being eroded. µCT results put the 498 emphasis on the post-experiment downstream interface of the core, which became uneven and rougher 499 than the initially undisturbed interface as the hydraulic gradient increased. For filters G3 and 2C, results 500
showed that erosion mainly appeared along the downstream slope. µCT also showed that there was no 501 wall effect with the setup and conditions used herein. 502
Experimental results for this study will further be analyzed using a numerical model based on a 503 multiscale approach, combining particle scale modelling with the discrete element method (open-source 504 code YADE), and COMSOL. Upcoming experimental runs will also be conducted using the same setup 505 to study the effect of unsaturated conditions in embankment dams on internal erosion. 
